Theory and experiment are combined in a novel approach aimed at establishing a set of two-body state-to-state rates for elementary processes ij → ᐉm in low temperature N 2 :N 2 collisions involving the rotational states i , j , ᐉ , m. First, a set of 148 collision cross sections is calculated as a function of the collision energy at the converged close-coupled level via the MOLSCAT code, using a recent potential energy surface for N 2 -N 2 . Then, the corresponding rates for the range of 2 ഛ T ഛ 50 K are derived from the cross sections. The link between theory and experiment, aimed at assessing the calculated rates, is a master equation which accounts for the time evolution of rotational populations in a reference volume of gas in terms of the collision rates. In the experiment, the evolution of rotational populations is measured by Raman spectroscopy in a tiny reference volume ͑Ϸ2 ϫ 10 −3 mm 3 ͒ of N 2 traveling along the axis of a supersonic jet. The calculated collisional rates are assessed experimentally in the range of 4 ഛ T ഛ 35 K by means of the master equation, and then are scaled by averaging over a large set of experimental data. The scaled rates account accurately for the evolution of the rotational populations measured in a wide range of conditions. Accuracy of 10% is estimated for the main scaled rates.
I. INTRODUCTION
Energy transfer induced by binary intermolecular collisions at kinetic energy E is usually described by means of cross sections ͑E͒, while energy transfer in a bath at kinetic temperature T t is described by the corresponding rates k͑T t ͒.
The two-body state-to-state cross sections ij→ᐉm and their associated k ij→ᐉm rates discussed below quantify in detail the effect of molecular collisions in terms of elementary processes ij → ᐉm involving precollisional ͑i , j͒ and postcollisional ͑ᐉ , m͒ quantum states of both molecules.
The microscopic description of a number of physical phenomena of fundamental or applied interest relies on 's or k's. Furthermore, since these quantities may be derived from first principles by means of scattering calculations, with results highly sensitive to the intermolecular potential energy surface ͑PES͒, calculated 's and k's provide a way to assess the quality of the PES by comparing with high level calculations or with experiment.
While a wide range of transport and relaxation phenomena in gases has been formulated in terms of 's, 1 remote probing of gas density by the broadening of spectral lines is usually discussed in terms of k's. The breakdown of equilibrium between degrees of freedom in rarefied gases like supersonically expanding media or planetary atmospheres including Earth's upper atmosphere can also be studied in some depth by the intermediate of the k's. Moreover, the transfer of energy by inelastic collisions, a problem of increasing importance in the physics and chemistry of the interstellar molecular medium, requires inelastic rates in the lower end of the thermal scale, usually below 50 K.
For the mentioned reasons, much theoretical and experimental work has been done along the last decades toward obtaining accurate state-to-state cross sections and rates. Nonetheless, the problem remains elusive. This is due, in part, to the limitations of the intermolecular PES's so far available for most systems, and in part to the lack of suited experimental methods for testing 's or k's associated with a single elementary collisional process.
In the case of N 2 the experiments based on spectral line shapes and line broadening, or even those based on pumpprobe processes in gas media above 77 K, only provide information about functions which depend on a large number of two-body rates. At room temperature and above this number becomes unmanageable. These large sets are usually reduced to a manageable size of one-body rates k i→ᐉ by thermal averaging over the initial states of one of the colliding partners, summing up over its final states. This, however, implies a lost of information and may lead to a compensation of errors. 2 Inelastic molecular collisions have been widely studied by spectroscopic methods and by theory. Raman line broadening coefficients have been measured for N 2 between 77 and 1500 K ͑Refs. 3-11͒ and have been interpreted in terms of effective one-body rates in the frame of several simplified molecular scattering models and fitting laws. One-body rates for N 2 :N 2 collisions in the v = 1 vibrational state have been determined at room temperature by a pump-probe technique. 12 Effective one-body inelastic rates for N 2 :N 2 collisions have been investigated experimentally at very low temperature ͑3 ഛ T ഛ 16 K͒ by means of the evolution of rotational populations and of the rotational-translational nonequilibrium along supersonic expansions in free jets. 13 Two-body cross sections and reduced one-body rates for N 2 :N 2 collisions have been derived from quantum calculations at different levels of theory 2, 14, 15 using the PES of van der Avoird et al. ͑vdA-PES͒. 17 In these works the cross sections from the infinite order sudden approximation and from the coupled state ͑CS͒ approximation have been compared with the more accurate converged close coupling ͑CC͒ calculation. The highly averaged one-body effective rotational excitation rates calculated in the CS approximation in the vibrational ground state at 300 K up to ⌬J = 10 are in remarkable good agreement with the corresponding experimental quantities. 12 However, no two-body cross sections nor rates suited for the interpretation of low-temperature ͑T Ͻ 100 K͒ experiments appear to have been reported so far for N 2 .
In the present work we report a theoretical-experimental study at low temperature where a large set of two-body rates for N 2 :N 2 collisions is calculated for 2 ഛ T ഛ 50 K in the frame of the CC scattering treatment 18, 19 using a modified version 20 of vdA-PES. 17 These rates are then assesed in the range of 4 ഛ T ഛ 35 K by means of the evolution of rotational populations measured by Raman spectroscopy along several supersonic jets, and finally, the original set of CC-calculated rates is scaled by a simple function of temperature to fit a large set of experimental data.
II. CALCULATED CROSS SECTIONS AND RATE COEFFICIENTS
The N 2 :N 2 two-body cross sections ij→ᐉm at total energies E T ഛ 263 cm −1 , which are relevant at temperatures up to 50 K, have been calculated with the MOLSCAT code. 19 The PES ͑Ref. 20͒ employed was expanded over 30 bispherical harmonics. 17 The coupled equations were solved by means of the hybrid log-derivative-Airy propagator of Alexander and Manolopoulos. 21 The propagation was carried out with the diabatic modified log-derivative method from a minimum intermolecular distance of 2.5 Å to an intermediate one of 12 Å, and with the Airy method up to a maximum of 24 Å.
The set of calculated cross sections includes most collisionally induced transitions in the domain of rotational quantum number J = ͕i , j , ᐉ , m͖ ഛ 7 and energy gaps ⌬ / B = ͉i͑i +1͒ + j͑j +1͒ − ᐉ͑ᐉ +1͒ − m͑m +1͉͒ ഛ 70, where B = 1.989 730 cm −1 is the rotational constant of N 2 . Both variants of N 2 have been considered: ortho-N 2 ͑oN 2 ͒, and para-N 2 ͑pN 2 ͒. The oN 2 :oN 2 and pN 2 :pN 2 collisions have been treated in the approach of indistinguishable molecules. A total of 148 different cross sections has been calculated: 36 for oN 2 :oN 2 , 21 for pN 2 :pN 2 , and 91 for oN 2 :pN 2 collisions. A high resolution grid of 0.1 cm −1 energy step has been em-ployed in the regions with large d / dE gradients, increasing the step size for decreasing gradients. Grids of 949, 642, and 900 energy points were employed for the oN 2 :oN 2 , pN 2 :pN 2 , and oN 2 :pN 2 collisions, respectively. A representative set of calculated cross sections is shown in Fig. 1 .
Few inelastic cross sections for N 2 :N 2 collisions have been reported so far at the highest level of theory. Some of the oN 2 :oN 2 cross sections at total energies E T = 119 and 219 cm −1 calculated at the CC level of theory, 15 employing the original vdA-PES, 17 are shown in Table I 
where + and − are the cross sections for the symmetric and antisymmetric wave functions. 15 Collisions between indistinguishable molecules imply the same nuclear spin in both molecules. The cross sections for such collisions have been calculated with Takayanagi's scheme for counting of states. 22 Then, the result has been renormalized dividing by the factor F = ͑1+␦ ij ͒͑1+␦ ᐉm ͒ in order to correct for double counting, according to Ref. 15 .
The following examples summarize the computational effort: a close coupling calculation for pN 2 :pN 2 collisions of indistinguishable molecules at E T = 100 cm −1 performed on a basis of 11 "well ordered" 15 The homologous calculation requires only 6 h in the CS approximation which, however, is not too accurate in this range of energies. 15 Present CC calculation confirms the trend + Ϸ − , especially at total energy above 100 cm −1 . Only for 00→ 02 the differences between + and − are noticeable, with an oscillatory pattern as a function of energy. This, however, cannot be shown by the jet experiment, not even at the lowest thermal end since the rate coefficient, which is defined as
averages the cross section over a range of energies, always leading to a smooth dependence of the k ij→ᐉm rates on the temperature; E = E T − E i − E j is the available precollisional kinetic energy for the molecules in the J = i and j rotational levels, E s is the minimum kinetic energy for the levels J = ᐉ and m to become accessible, and ͗v͘ = ͑8k B T t / ͒ 1/2 is the mean relative velocity of the colliding partners of reduced mass .
As may be inferred from Ref. 15 , the cross sections of distinguishable and indistinguishable colliding molecules are related by 16
where ij;ᐉm de accounts for the quantum interference effects. In order to test the consistency of the CC-calculated cross sections for indistinguishable molecules, the cross sections for distinguishable molecules in oN 2 :oN 2 and pN 2 :pN 2 collisions were recalculated using Eq. ͑3.10͒ of Ref. 15 . To a very good approximation we obtained
for all collisions considered, showing that the interference effects are negligible in the investigated range of energies. The inelastic rates, henceforth referred to as CC rates, were obtained from the CC-calculated cross sections by means of Eq. ͑2͒. They are given in the auxiliar table N2RATES.TXT ͑Ref. 23͒ for 2 ഛ T t ഛ 50 K. It must be stressed, however, that the reported set of rates is not complete enough to interpret experiments at temperatures above 35 K. Due to computational limitations some cross sections and rates, which are non-negligible at T t Ͼ 35 K, were not calculated.
III. EXPERIMENTAL METHODOLOGY
The experimental part of the methodology 13,24,25 relies on the properties of supersonic free jets and on the remarkable capabilities of Raman spectroscopy to measure accurately the local conditions along the jet. [26] [27] [28] The link between experiment ͑the axial region of the jet expansion͒ and theory ͑the calculated collisional rates of previous section͒ is provided by the master equation ͑MEQ͒, 29
which describes the time evolution of the population P i of a rotational state with quantum number J = i as a consequence of inelastic collisions in a gas of diatomic molecules at instantaneous number density n and translational temperature T t . In this work the k's are the two-body state-to-state rates accounting for the elementary collisional process,
between two N 2 molecules, one in the rotational state J = i and the other in the rotational state J = j. As a consequence of the collision, the final states become J = ᐉ and J = m. The collisional medium is a tiny parcel of gas at instantaneous distance z from the nozzle and translational temperature T t ͑z͒, traveling along the jet axis with supersonic flow velocity V͑z͒ = dz / dt. The particular case studied is natural N 2 in the vibrational ground state, a 2:1 mixture of orthonitrogen ͑oN 2 ͒ and paranitrogen ͑pN 2 ͒ with J = even and J = odd, respectively. These variants of N 2 do not interconvert in the time scale of the supersonic expansion. The rotational populations in Eq. ͑5͒ are therefore normalized as In the MEQ ͓Eq. ͑5͔͒ indistinguishable molecules are considered for oN 2 :oN 2 and pN 2 :pN 2 collisions and distinguishable molecules for oN 2 :pN 2 collisions. The factor
in the MEQ ͓Eq. ͑5͔͒ accounts for the symmetry effects in collisions between indistinguishable molecules. 29 The two-body rates obey the detailed balance
where E i , E j , E ᐉ , and E m are the energies of the rotational levels involved. The upward ͑"up"͒ and downward ͑"down"͒ rates will henceforth be labeled as k ij→ᐉm up and k ᐉm→ij down , respectively, under the constraint
Since up and down rate coefficients may differ at low temperature by many orders of magnitude, it is convenient to reformulate the MEQ ͓Eq. ͑5͔͒ in terms of only down rates, which show a far smoother thermal dependence than the up rates. With aid of the Eq. ͑9͒, the MEQ ͓Eq. ͑5͔͒ can then be rewritten in the general form,
in terms of only down rates, i.e., with rotational energy E + E Ͼ E + E . The indices , , , and run over the values of the rotational quantum number J allowed by ortho-para nonconversion. At least one of these indices must be equal to i. Each a k → term in MEQ ͓Eq. ͑10͔͒ accounts in a convenient factorized form ͑instantaneous local properties ϫ intermolecular properties͒ for the net contribution of the → and → time-symmetric elementary collisional processes to the population rate dP i / dt.
Coefficients a are calculated with MEQNEW.FOR, an ad hoc FORTRAN code which uses the experimental data n, P i , and T t at a given point of the jet as input. If additionally, a set of k → down rates is supplied in the data input, the code yields the individual contributions of the elementary collisions to the instantaneous rotational population rate dP i / dt, i.e., the individual contributions to the right hand term ͑RHT͒ of the MEQ ͓Eq. ͑10͔͒.
As discussed below, the population rates dP i / dt for the rotational level J = i in the left hand term ͑LHT͒ of the MEQ ͓Eq. ͑10͔͒ as well as the quantities n, P i , and T t to calculate the a coefficients with MEQNEW are determined directly from the experiment. In turn, the k → down rates to be assessed by the experimental may originate from scattering calculations or from models.
The comparison between the experimental LHT's of the MEQ ͓Eq. ͑10͔͒ for different rotational levels J = i with the corresponding experimental-calculated RHT's by means of the code MEQNEW at different points of the supersonic jet provides a wealth of information about the quality of the collisional rates assessed. The procedure is described below in more detail.
IV. EXPERIMENT AND DATA REDUCTION
In order to test the internal consistency of the experimental data for a range of temperature-density conditions as wide as possible, four continuous free jets of N 2 at stagnation pressures of 200, 500, 1000, and 2000 mbars at room temperature have been measured. The jets were generated expanding the gas through a circular nozzle of diameter D = 313 m into a 55ϫ 44ϫ 59 cm 3 vacuum chamber especially devised for Raman spectroscopy measurements. Its vacuum system is based on a 1430 m 3 / h Roots pump backed by a 70 m 3 / h rotary pump.
The experimental quantities n, P i , T r , and T t involved in the a coefficients of MEQ ͓Eq. ͑10͔͒, as well as dP i / dt in its left-hand term, were determined at a number of points along the jet axis at distances z from the nozzle, as follows.
The number densities n͑z͒ were measured from the integrated Raman intensity of the Q branch of the vibrational band of N 2 at 2331 cm −1 ,
which is strictly proportional to the number density of N 2 at the focal spot of the exciting laser beam for a very wide range of conditions. The constant K was determined using static N 2 as a standard in the sampling chamber, its pressure being measured with a MKS Baratron 690A of nominal accuracy of 0.08%. The populations P i ͑z͒ were determined from the local intensities I͑z͒ of the spectral lines associated with the i → i + 2 rotational Raman transitions, which obey the relation
The constant G is determined from the normalization condition ⌺ i P i = 1. Representative rotational Raman spectra recorded along the jet axis of one of the expansions are shown in Fig. 2 . The Boltzmann plots of the measured rotational populations P i prove unambiguously that the vast majority of the molecules are accurately represented by a rotational temperature T r , as stated before. 30 Just minor deviations from a Boltzmann distribution were observed at the lower end of observable densities.
The experimental data n͑z͒ and T r ͑z͒ can be represented accurately by the empirical functions
where T * = 250 K is the critical temperature at the origin ͑z = 0, Mach number M =1͒ of the expansion and T ϱ is the terminal rotational temperature. The upper limit of validity of Eqs. ͑13͒ and ͑14͒ is imposed by the normal shock wave of the jet, centered at z Ϸ 22 000 m for all four expansions, but with shock widths differing by about one order of magnitude. The parameters C i characterizing the expansions are given in Table III for z expressed in m in Eqs. ͑13͒ and ͑14͒. The uncertainty ͑one standard deviation͒ of the data retrieved from Eqs. ͑13͒ and ͑14͒ is less than 1% for n and Ϸ2% for T r in all four expansions.
In the working region of the jet ͑zone of silence͒ the flow is laminar, and the distance z can be related with the time t elapsed from the beginning of the expansion ͑z =0͒ by means of the flow velocity V͑z͒ = dz / dt. The population rates in the LHT of MEQ ͓Eq. ͑10͔͒ are thus determined from
The quantities P i , dP i / dz and n employed to work through MEQ ͓Eq. ͑10͔͒ were retrieved from Eqs. ͑13͒-͑15͒, since their accuracy is about one order of magnitude better than that of the individual raw data. The flow velocity V͑z͒ in Eq. ͑15͒ was determined assuming the conservation of enthalpy along the expansion axis, 31 which leads to
where R = 8.3145 J K −1 is the universal gas constant and W = 0.028 kg/ mol is the molar mass of N 2 .
The translational temperatures T t ͑z͒ have been deduced in terms of the corresponding local number density and rotational temperature, and stagnation conditions, by means of
͑17͒
This equation has been derived from the statistical definition of entropy employing a classical rotational partition function, under the assumption of entropy invariance along the axial flow line of the supersonic expansion. For N 2 the intrinsic accuracy of Eq. ͑17͒ is Ϸ2.5% at T r = 6.5 K and much better at higher temperatures. The accuracy of T t depends on that of n, T r , n 0 , and T 0 .
V. DISCUSSION
The CC rates, calculated according to Sec. II and listed in table N2RATES.TXT, 23 have been partially assessed by its capability to reproduce experimental values of dP i / dt of MEQ ͓Eq. ͑10͔͒ along the jets. These values have been measured at fixed points corresponding to kinetic temperatures T t = 35, 28, 22, 18, 14, 10, 8, 6 , and 4 K. At these points, which approximately span along the jet the domain of 1250ഛ z ഛ 14800 m, 40ജ T r ജ 7 K, and 15ϫ 10 22 ജ n ജ 4 ϫ 10 20 m −3 , the ratio,
of the left to the right-hand terms of MEQ ͓Eq. ͑10͔͒ has been employed as an objective measure for the quality of the CC-calculated set of rates at temperature The ratio R i is best defined for i = J =0,1, the ground rotational levels of oN 2 and pN 2 , since these dP i / dt's are intrinsically positive along the supersonic expansion, as corresponding to a rotational cooling. The statistics of the R i ratios determined includes 62 data points from the four expansions. It reveals three important features.
͑1͒ For a fixed T t , the R i ratio is nearly the same for all four expansions. This provides a strong evidence of the consistency of the experimental global data set ͕n , P i , dP i / dt , T r , T t ͖. ͑2͒ The determined ratios are in the interval of 0.61Ͻ R i Ͻ 0.87 in all cases, suggesting that the CC-calculated rates are too large by up to 64%, depending on T t . ͑3͒ For a fixed T t , the R i ratio is nearly independent on rotational quantum number i = J =0,1,2,3. This suggests that the CC-calculated rates, types k 0→ , k 1→ , k 2→ , and k 3→ , are off by about the same amount.
These trends are summarized in Fig. 3 , where R͑T t ͒ is the average of R i over J = 0 and J = 1 levels of the four expansions. The error bars refer to one standard deviation. They confirm that the combined effect of all experimental errors in n, P i , T r , and T t over the four jets is typically less than 10%. This establishes the precision limit in assessing calculated rates by the present methodology, assuming that no systematic errors are hidden.
By virtue of ͑2͒ and ͑3͒ the R͑T t ͒ function of Fig. 3 is useful to scale the CC-calculated rates in order to produce experimentally scaled ͑ES͒ rates,
fully compatible with the experimental information. The k → ES rates have the same relative values as the k → CC rates, and are thus determined by the close coupling calcula- tion, but their absolute values are determined by the experiment over a large data set. A selection of ͑down͒ k → ES rates for the collisionally induced transition between the J ഛ 4 rotational levels of N 2 is given in Table IV . The corresponding up rates can be obtained from the detailed balance Eq. ͑9͒.
The set given in Table IV is sufficient to fully account for the dP i / dt's at jet axial points where T t = 4 K. But at 35 K it only accounts for Ϸ60% of the dP i / dt's since many other elementary processes involving J ജ 5 levels, not included in Table IV , are relevant at this temperature.
Accounting for 95% of the dP i / dt's ͑i = J ഛ 3͒ at 35 K requires a set of at least 148 k → ES rates. This set, which can be retrieved from table N2RATES.TXT ͑Ref. 23͒ multiplying by the factor R͑T t ͒, accounts for the experimental dP i / dt's to good accuracy in all four jet expansions.
As an example, the rotational population rates dP i / dt's along the N 2 jet generated at p 0 = 500 mbars are shown in Fig. 4 . The full circles stand for the experimental LHT's of MEQ ͓Eq. ͑10͔͒. The dashed line represents the RHT of the MEQ ͓Eq. ͑10͔͒ calculated with the set of 148 k → CC rates; the solid line stands for the RHT's calculated with the 148 k → ES rates. Note that this solid line is not a fit to the experimental data points shown, but arises from the average of the whole experimental data set from the four jets. The predictive ability of the k → ES rates for the other three jets, generated at p 0 = 200, 1000, and 2000 mbars, is about as good as in Fig. 4 .
Although the accuracy of the individual k → ES rates of Table IV cannot Two features of the rates in Table IV must be emphasized. First, and obvious, their smooth dependence on the kinetic temperature T t . Second, and not obvious at all, the uncorrelated contribution of the rates to dP i / dt. This is due to the multiplicative a coefficients in MEQ ͓Eq. ͑10͔͒. Some large rates are multiplied by small a 's, and some small rates are multiplied by large a 's. Therefore it is not possible a priori to reduce the set of relevant rates. Only the calculation of the RHT of MEQ ͓Eq. ͑10͔͒ with a sufficiently large set of rates permits us to decide about this point.
According to MEQ ͓Eq. ͑10͔͒ the actual contribution of each elementary collisional process to the evolution of the rotational populations at a given point of a jet is given by the individual contributions a k → . Since the number of such contributions is very large as soon as the kinetic local temperature is above a few kelvins, a way to visualize them is by means of a collisional spectrum, a concept introduced in a previous work. 25 An example of collisional spectra is shown in Fig. 5 . It accounts in full detail for the rotational thermal evolution by inelastic collisions at a given point of the jet. The bars indicate quantitatively the actual contribution of the elementary collisional processes to the global population rate of the ground rotational levels of oN 2 ͑dP 0 / dt͒ and pN 2 ͑dP 1 / dt͒. Each bar is a summand of the RHT of the MEQ ͓Eq. ͑10͔͒. The abscisa refers to the energy gaps ⌬ associated with the particular collisional process indicated. Note the assymmetry with respect to the origin, which shows that the system is evolving thermally. In this particular example, the sum of positive bars is larger than the sum of negative bars, indicates a tendency toward globally populating the ground rotational levels of oN 2 and pN 2 , i.e., the rotational cooling occurring at a point of the zone of silence of the jet.
As indicated in the inset of Fig. 5 , "UP" refers to collisionally induced transitions where the final rotational energy of the colliding couple is larger than the initial one, while "DOWN" is the reversed process. Note that in some processes one molecule may go up and, simultaneously, the other goes down, like in 30→ 12 at ⌬ =−4B. Such simultaneous excitation-deexcitation processes are not negligible at all. Positive bars ͑COOLING͒ are associated with the processes which tend to populate ͑dP i / dt Ͼ 0͒ the ground rotational levels of ortho-and para-N 2 . Negative bars ͑HEAT-ING͒ describe the depopulation ͑dP i / dt Ͻ 0͒ of the ground levels.
Collisional spectra alike to that in Fig. 5 can be obtained at every point of N 2 supersonic jets for a wide range of conditions by using the results of the present work. This allows tracking in detail the contribution of each collision channel to the evolution of rotational populations. Though the number of collisional channels is usually large, it can be noticed from Fig. 5 that only some of them are dominant, this effect being strongly dependent on the temperature.
VI. SUMMARY, CONCLUSIONS, AND FINAL REMARKS
Close coupling scattering calculations for N 2 :N 2 collisions have been performed using the PES of Ref. 20 . Stateto-state cross sections have been calculated for 148 elementary ij → ᐉm collisional processes involving rotational levels of N 2 up to J = 7, in a grid of energies up to 263 cm −1 . This set of cross sections has been transformed into the corresponding state-to-state rate coefficients ͑CC rates͒ at temperatures in the range of 2 ഛ T t ഛ 50 K. These CC rates have been assessed experimentally in the range of 4 ഛ T t ഛ 35 K by means of the evolution of rotational populations measured by Raman spectroscopy along supersonic expansions of N 2 . The CC rates systematically overestimate the experimental results by up to 64%, depending on temperature. With the aid of the experiment, the CC rates have been scaled by a simple function of 0.61Ͻ R͑T t ͒ Ͻ 0.87. The scaled rates ͑ES rates͒ account for all experimental results, which span over a wide range of thermal, density, and hydrodynamic conditions. In practical terms this provides the basis for the molecular explanation of supersonic flow evolution in terms of the elementary collisional processes. This is possible in full quantitative detail in the frame of a master equation which combines collisional rates with instantaneous number densities, rotational, and translational temperatures.
The following conclusions are drawn from present work.
͑1͒ According to the experiment, the ES rates of Table IV for ⌬ഛ16 are accurate to Ϸ10%. ͑2͒ The cross sections calculated here, and in a previous work 15 at the close coupling level, are somewhat different ͑see Table I͒ . This may be attributed to the different PES's employed. 17, 20 ͑3͒ According to the experiment, the PES ͑Ref. 20͒ employed in the close coupling calculation needs to be improved in the region of the potential well. ͑4͒ The experimental methodology ͑supersonic jet + Raman spectroscopy͒ proves highly efficient for assessing calculated state-to-state rate coefficients of molecular gases at temperatures well below the freezing point, a region hardly accessible to other techniques based on static gas samples. ͑5͒ For N 2 :N 2 collisions the current upper limit of present experimental method is T t Ϸ 50 K. This limit might be extended toward higher temperature by using slit nozzles and softer stagnation pressures. ͑6͒ The upper limit of the range assessed, 4 ഛ T t ഛ 35 K, is imposed by the accuracy of the current experimental data and by the limited number ͑148͒ of the calculated CC rates. At T t Ͼ 35 K, the contribution from other rates which have not been calculated is increasingly important. This precludes a meaningful assessment of rates using experimental data up to 50 K. ͑7͒ Collisional state-to-state rates derived from close coupling scattering calculations for N 2 :N 2 at T t ജ 50 K pose a serious computational challenge due to the larger range of energies required and to the fast increase of the number of relevant collisional processes with temperature. The coupled states approximation might be a good choice for testing with the present experimental method at T t ജ 50 K.
The present experimental methodology is particularly well suited for studying inelastic collisional rates of molecules in the vibrational ground state. A generalization to vibrationally excited states appears feasible in the light of experimental developments capable of providing sufficient density of molecules in selected vibrational excited states by means of stimulated Raman pumping. 32 This is an instrumental possibility worthwhile to be explored.
Although the present work is aimed at the concrete problem of validating the rate coefficients for N 2 :N 2 inelastic collisions at low temperature, it should be noted that the range of kinetic temperatures in this experiment, 4 ഛ T t ഛ 35 K, bridges the domain between the usual chemistry regime and that of cold diluted molecular systems. This is a fast growing field of research 33 where the possibility of controlling the collision dynamics by means of external fields opens exciting instrumental options. 34 Whether this sort of control can be implemented in the present methodology, which is also amenable to polar molecules, is a laboratory task for the future.
